Some yeast proteins that participate in formation and processing of DSBs as well as in repair of DNA damage and binds to some meiotic proteins. The N-terminal half specifies nuclease activities that are collectively may carry out these reactions by forming protein complexes. In fact, binding between Mre11 and Rad50 or required for DSB processing. Mre11 has a DNA-binding site for DSB formation and another site for DSB Xrs2 was shown by the two-hybrid assay (Johzuka and Ogawa, 1995). If these proteins work in a complex, propprocessing. It has two regions to bind to Rad50. Mre11 repairs methyl methanesulfonate-induced DSBs by reerties of cells should be affected by formation of the complex and properties of its components. Therefore, actions that require the nuclease activities and those that do not.
treatment (data not shown). From an mre11⌬ extract, ( Figure 1D ). When Mre11-58 was precipitated with antiMre11 serum from the mre11-58 extract, Rad50 was not none of the three proteins was precipitated, while Xrs2 was precipitated from a rad50⌬ extract, and Rad50 from precipitated as shown below (see Figure 6B ). These results indicate that Mre11-58 binds neither to Xrs2 nor an xrs2⌬ extract. These results indicate that Mre11 binds to Rad50 and to Xrs2. Similar binding patterns were Rad50. Similar to the mitotic mre11-58 extract, neither Rad50 nor Mre11-58 coprecipitated with Xrs2 from the found in meiotic extracts ( Figure 1A and data not shown).
Next, we examined precipitates with anti-Xrs2 GP semeiotic extract ( Figure 1E ). In contrast, both Mre11 and Rad50 (or Rad50S) coprecipitated with Xrs2 from the rum from mitotic cells ( Figure 1B ). Mre11 was detected in the precipitate from the wild-type and rad50⌬ exmeiotic extracts of rad50S cells (Alani et al., 1990) and of sae2(com1)⌬ cells, which are proficient in DSB formatracts, but not from xrs2⌬ and mre11⌬ extracts (center panel). Although Rad50 was precipitated from the wildtion but not in DSB processing ( Figure 1E ). The following major conclusions can be drawn from type extract, it was not from the mre11⌬ extract (right panel). These results indicate that while Xrs2 binds to these results. 
Colocalization of Mre11 with Rad50S and Xrs2
The number of the foci detected on nucleoids of rad50S cells at 8 hr in meiosis was on average 32 (Figure on Meiotic Chromosomes and Effects of Various Mutations 2G). The number is significantly smaller than the number of DSBs under comparable conditions, calculated to Recombination proteins are likely to be located on specific positions, such as recombination hot spots on the be about 200 per nucleus (Bishop, 1994; Baudat and Nicolas, 1997). However, the number of foci must be chromosomes. We examined the mutual locations of Mre11, Rad50, and Xrs2 in meiotic nuclei. The nuclei an overly underestimated value of the real number of stained bodies, because some foci may be overlapping, (nucleoids) were prepared from the rad50S mutant cells at 7.5 hr in meiosis, when DSBs accumulated at a maxisome may be covered by chromosomes, and some may escape the detection for various technical reasons. mum level (see below). They were primary stained with both anti-Mre11 GP serum and anti-Rad50 rabbit serum Therefore, the actual number of the stained bodies may be close to the number of DSBs in a nucleus. The time or affinity-purified anti-Xrs2 rabbit IgG. Then the samples were counterstained with FITC-conjugated anti-GP course appearance of foci and that of meiotic DSBs were examined using the same cultures of rad50S. The IgG and Texas red-conjugated anti-rabbit IgG. Over 95% of Mre11 foci were colocalized with the Rad50S
Mre11 foci began to appear 3 hr after entering meiosis and accumulated with further incubation ( Figure 2G ). foci (Figure 2A) or the Xrs2 foci ( Figure 2B ). In contrast to the formation of foci in rad50S mutant, foci were not observed in nucleoids of the wild-type cells ( Figure 2C ) or in those of rad51⌬ and dmc1⌬ mutant Two Different Functions of Mre11 in Meiosis Mre11 participates in both formation and processing of cells (Bishop et al., 1992; Shinohara et al., 1992) at various times during meiosis (data not shown). In these DSBs in meiotic recombination. To know the functional relation between these processes, we examined possicases, because DSBs were present only transiently, the number of DSBs present at a particular time when the ble complementation between mutations that prevent either DSB formation or DSB processing. However, besamples were taken should have been very small. However, in rad51⌬ rad50S double mutant, of which rad50S cause DSB formation is an obligatory process preceding DSB processing, a mutation that prevents DSB formais epistatic, nonprocessed DSBs accumulated and foci were observed ( Figure 2D) . Similarly, foci accumulated tion also inhibits DSB processing in the mutant. We examined complementation between the following two in the sae2(com1)⌬ mutant after entering meiosis (data not shown). In all these cases, Mre11, Rad50 (or Rad50S), mutations. One is the mre11-58 mutation, which prevents DSB processing but has no effect on DSB formaand Xrs2 formed the protein complex (Figure 1 and data not shown). These results indicate that foci are observtion. The other mutant was isolated among strains that were defective in meiotic recombination and MMS resisable when the protein complexes are present and DSBs accumulate.
tant. The strain, named mre11-5, has a deletion of 136 amino acid residues from the C terminus by a nonsense On the other hand, no foci were observed in the mre11-58 mutant, where the protein complex was not mutation (data not shown). The strain was severely defective in meiotic recombination ( Figure 3A ) and in DSB made, although DSBs were made ( Figure 2E) . Similarly, no foci were formed in the mer2⌬ rad50S double mutant, formation ( Figure 3B ). The resistance of this mutant to MMS ( Figure 6A ) indicates that it can process DSBs for where DSBs were not made although the complexes were formed ( Figure 2F ). Therefore, for foci formation, homologous recombination (see below). We made the mre11-5/mre11-58 heterozygote and its properties in the protein complexes have to be made, but mere presence of the complexes in the cell is not sufficient. meiotic recombination were examined. We found that the heterozygote was recombination proficient (Figure We conclude that the foci represent the protein complexes, containing Mre11, Rad50, and Xrs2, firmly asso-3A) and in the heterozygote, DSBs were formed and processed ( Figure 3B ) and viable spores were made as ciated with meiotic chromosomes carrying DSBs, probably at the DSB sites.
efficiently as in the wild-type cells (data not shown). Figure 4B ). The absence mutual complementation. We therefore conclude that these two mutations in our mutants complement one of formation of labeled mononucleotide indicated that Mre11 has no 5Ј-to-3Ј ssDNA exonuclease activity. Next, another through functional contribution to the separate steps in recombination. While the mre11-5 mutant that the presence of a dsDNA exonuclease activity was tested using a ds-oligo-DNA labeled with 32 P at the 5Ј is completely defective in DSB formation is as resistant to MMS as the wild-type cells, the mutant used by Nairz end of one of the strands. The 3Ј end of the labeled strand was digested with Mre11 when the end of the and Klein (1997), which has a C-terminal deletion and is defective in DSB formation, is sensitive to MMS. Bestrand was blunt or recessed, while it was not digested when the end overhung by 4 nucleotides ( Figure 4C and cause this mutant has two genetic defects, from their results, one cannot decide the effect of the deletion on data not shown). These results show that Mre11 has a 3Ј-to-5Ј dsDNA exonuclease activity that depends on DSB formation. The present work demonstrates that the C-terminal region deleted in Mre11-5 is responsible for the structure of the DNA ends. Mre11 purified from yeast cells showed essentially the same enzyme activities as DSB formation and that the MMS sensitivity of their mutant is not caused by the loss of the function.
that from E. coli cells (data not shown). All three nuclease activities of Mre11-5 were indistinIn homozygotes, Mre11-5 formed the complex with Rad50 and Xrs2, while Mre11-58 did not ( Figure 3C) . guishable from the wild-type protein, while no activity was detected for Mre11-58 ( Figures 4A and 4C ), indicatThen we examined whether Mre11-58 was coprecipitated with the complex containing Mre11-5 with antiing that the phosphoesterase motif needs to be intact for the activity, but the C-terminal region of Mre11 can Xrs2 serum. Because the two mutant proteins have distinct sizes, the kinds of proteins in the precipitate can be deleted. Mre11-6 also showed no ability in this assay, although it has the intact phosphoesterase consensus be determined. In the precipitate from the extract of the heterozygote, a small amount (about 5% of Mre11-5) of region. Recently, the presence of an ssDNA endonuclease Mre11-58 was precipitated with Xrs2. Because, in the absence of Mre11-5, Mre11-58 was not precipitated with and a 3Ј-to-5Ј dsDNA exonuclease activities for human Mre11 was reported (Paul and Gellert, 1998). Xrs2 ( Figure 3C ), this result suggests some binding of Mre11-58 with the complex containing Mre11-5. Even if this result is taken to mean interaction between Mre11-5 Functional Regions of Mre11 Protein and Mre11-58 molecules, we do not need to attribute To find the regions of Mre11 that are responsible for the complementation of two mutations by formation of different functions of the protein, we divided the protein heterodimers, because Mre11-58 and Mre11-5 can work based on the homology barriers present among various independently for DSB formation and for DSB pro-MRE11 homologs. The S1, S2, and S3 segments thus cessing, respectively. divided are residues 1 to 292, residues 293 to 512, and residues 513 to 692, respectively (see Figure 7A ).
Segments that Bind to DNA Nuclease Activities of Mre11
Because MRE11 is involved in the processing of the The result of the gel-mobility shift assay showed that S2 and S3 bound to both M13 viral ssDNA and pUC DSB ends and the protein has a consensus amino acid sequence for cleavage of phosphoester bonds, we exlinear dsDNA, while S1 bound neither one of the DNAs ( Figure 5A ). amined nuclease activities of wild-type and mutant Mre11 proteins. In addition to mre11-58 and mre11-5
To determine the site in the S3 segment that binds to DNA, we made several overlapping DNA fragments of described above, we used another mutant, mre11-6, whose protein carries an 11-amino acid deletion (from the segment fused to GST. We found that only subsegments that contain the C-terminal 50-amino acid se-410 to 420). The strain is defective in DSB processing as mre11-58 (data not shown) and partially sensitive to quence from residues 643 to 692, were able to bind to DNA and the region was named the DNA-binding site MMS (see Figure 6A ). The rationale for the isolation of the mutant is described below.
B. Because Mre11-5, in which this subsegment was deleted, is proficient for processing of the DSB ends To prepare the wild-type and mutant proteins, each gene was subcloned into the region between the gluta-( Figure 4C ), the DNA-binding site B is not required for the processing. thione S-transferase gene (GST) and the hexahistidine sequence (His 6 ). The fused proteins were overexpressed
The subsegment in the S2 that bound to DNA was 
similarly examined. Only the 15-amino acid segment
Regions Responsible for Nuclease Activities (from residues 407-421) fused to GST bound to both
The fusion protein S1-2, carrying both S1 and S2, has ssDNA and dsDNA (data not shown). The 15-amino acid the same activities for ssDNA endonuclease as the fullsegment is therefore designated the DNA-binding site length Mre11, while no activity was detected for each A. The segment contains a sequence of 11 amino acid segment, S1, S2, S3, or S2-3 ( Figure 5C ). Similar concluresidues (KKRSPVTRSKK: from residues 410 to 420) sions were obtained for 3Ј-to-5Ј ssDNA exonuclease and that is particularly rich in basic amino acid residues. 3Ј-to-5Ј dsDNA exonuclease activities (data not shown). Considering that the 11-amino acid sequence may be The amino acid change in the mre11-58 mutant that is sufficient for DNA binding, its in vivo role was examined responsible for elimination of the nuclease activities is by making a mutant that deleted the region encoding in the phosphoesterase consensus sequence in segthe 11-amino acid sequence. This mutant is mre11-6. ment S1. The segment S2 may be necessary for the We examined cleavage of chromosome III at hot spots S1-2 protein to bind to DNA. in the HIS4-LEU2 region during 10 hr after entering meioBinding of the C-Terminal Region of Mre11 sis. In this mutant, the cleaved products were found at to Meiosis-Specific Proteins 3 hr of incubation and accumulated by further incubation The C-terminal region is required for formation of meiotic (data not shown) as observed for the mre11-58 mutant DSBs, but not for repair of MMS-induced damage. Con-(Tsubouchi and Ogawa, 1998). Therefore, the mre11-6 sidering the possibility that this region may bind to meiomutant is proficient for DSB formation, but is defective sis-specific proteins, a lysate made from meiotic cells in DSB processing.
or from mitotic cells was applied on glutathione SephaWhile Mre11-6 is defective in DSB processing, it has rose 4B to which S3 was bound, and then the proteins a native phosphoesterase consensus motif and the abilretained on the resin were eluted and analyzed by SDSity to bind to DNA at the binding site B and also to bind PAGE ( Figure 5D ). Three proteins, 40 kDa, 24 kDa, and to Rad50 (see below). Therefore, the cause of the defect 22 kDa, from the meiotic cell extract were found to bind is likely to be the absence of the DNA binding at site A, to S3 but not to GST alone. No such proteins were suggesting that DNA binding at site A is required for found in the mitotic cell extract. The estimated molecular DSB processing. On the other hand, DNA binding at site masses for two smaller proteins coincide with proteins B is likely to be involved in DSB formation because both specified by REC102 and REC104 genes with roles in mre11-6 that does not have site A and mre11-58 that meiotic recombination ( 
the MMS sensitivity of the wild-type and various mre11
The presence of nuclease-independent function of Mre11 was demonstrated by in vitro recircularization of mutants. As shown in Figure 6A , the mre11-58 mutant was almost as sensitive as the mre11⌬ mutant, and the blunt-ended linear plasmid DNA by purified Mre11 and T4 DNA ligase. Even in the presence of T4 DNA ligase mre11-5 mutant was as resistant as the wild-type cells. The sensitivity of the mre11-6 mutant was somewhere whose concentration was low enough not to allow detectable recircularization, 2% of the input DNA was cirbetween them. The mutants rad50S and sae2(com1)⌬ showed the sensitivity similar to the mre11-6 mutant cularized when wild-type Mre11 was also present. Mre11-58 was as active as wild-type protein. Rad50 increased (data not shown).
The MMS resistance of the mre11-5 mutant shows 10 times the efficiency of the wild-type Mre11 reaction but not of the Mre11-58 reaction. Mre11 may have an that the function of Mre11 that is involved in formation of meiotic DSBs is dispensable for repair of MMS damability to bring the ends together or to stabilize the structure favorable for ligation. age. The mechanism that is retained in the mre11-5 mutant but is lost by the mre11-58 mutant is the function Various properties of mutant strains and their proteins revealed by the experiments described above are sumto process DSBs by the protein complex that depends on the Mre11 nuclease activities, as further discussed marized in Figure 7 . below.
While the mre11-58 mutant was fully sensitive to MMS, Discussion mre11-6, rad50S, and sae2(com1)⌬ mutants showed similar intermediate sensitivity. All these mutants can Meiotic recombination in yeast contains two temporally coupled reactions, formation of DSBs and their proform DSBs, but cannot process them. The MMS sensitivity of these mutants is likely to be the loss of the ability cessing. The processing is carried out by a protein complex including Mre11, Rad50, and Xrs2, in which Mre11 to process DSB ends. However, mre11-6, rad50S, and sae2(com1)⌬ mutants are partially resistant. The partial acts as the binding core. These proteins participate in formation of DSB by forming a different type of complex resistance indicates the presence of a repair mechanism that is independent of the ability to process DSB ends.
for which Mre11 does not need to act as the binding core. These three proteins also participate in repair of Except for the mre11-58 mutant, all other mutants can form the protein complexes ( Figures 1C and 6B) . The MMS-induced DNA damage by reactions that require the nuclease reactions and that do not. The functional ability to form the protein complex is likely to cause the difference in the MMS sensitivity and to be responsible versatility of the Mre11 complexes can be attributed to the functions specified by particular domains of the for the nuclease-independent mechanism. Mre11, Rad50, and Xrs2, they have distinct roles. For DSB processing, Mre11 binds to DNA at site A and for DSB formation at site B. They may carry out different reactions by binding to DNA in different manners and by working together with different proteins (Figure 8 ).
Transition from Formation to Processing of DSBs
Mre11 is involved in meiotic recombination from its beginning. It was found that chromatin structure around the recombination hot spots changes in meiosis prior to DSB formation (Ohta et al., 1998). Although this structural change of the chromatin needs neither Rad50 nor Xrs2, these and other proteins could be assembled around DNA-bound Mre11 for subsequent reactions, forming the pre-DSB complex. Spo11 that probably catalyzes breakage of DNA double strands may be a component of the complex or work separately to complete the sequence of reactions performed by other proteins. The participation of the Mre11 nuclease activities in DSB formation can be excluded because the mre11-58 and mre11-6 mutants that do not have the activities can form DSBs.
The complex whose components are not held together by the Mre11 due to the mre11-58 mutation can carry out DSB formation. However, in the wild-type cells, the complex whose components are held together by Mre11 could participate also in DSB formation, provided that the complex can form a structure that permits necessary functions, including binding to DNA in a specific manner and to meiotic proteins at specific positions. 
Protein Complexes for DSB Formation and DSB Processing Processing of DSB Ends
The necessity of nucleolytic reaction(s) in processing of Most Mre11, Rad50, and Xrs2 molecules in wild-type yeast cells form the complexes held together by Mre11. DSB ends and the possession of nuclease activities by Mre11 have led us to consider that the Mre11 nuclease(s) However, the mre11-58 mutation that prevents formation of such complexes permitted the DSB formation.
is directly involved in the processing. In fact, both Mre11-58 and Mre11-6 that have no nuclease activities Formation of a protein complex for the DSB formation is suggested by the results that some meiosis-specific are defective in processing of DSB ends. Therefore, we conclude that one or more of the Mre11 nuclease proteins bind to the C-terminal region of Mre11 that is specifically required for DSB formation. This protein activities, ssDNA endonuclease, ssDNA exonuclease, and dsDNA exonuclease activities, are likely to be incomplex containing Mre11 is named pre-DSB complex.
After ture, the strand to which Spo11 is attaching at the 5Ј end has to be resected. We speculate that the binding Although both pre-and post-DSB complexes contain tant that is proficient for DSB processing but defective of Mre11, and the other contains the DNA sequence that corresponds to positions 421 to 692 residues. These fragments were amplified from the genomic DNA by PCR. Then, the full-length of MRE11-6 gene was amplified by PCR using the two DNA fragments thus obtained as templates.
To construct a plasmid that overexpresses the RAD50 gene in yeast, two primers were made; one primer contains sequences that correspond to EcoRI site, FLAG peptide, the hexahistidine, and 18 bases of the N-terminal region of RAD50 including the initiation codon, the other contains 18 bases of the C-terminal region including the stop codon of the gene and an XhoI site. RAD50 gene was amplified from the genomic DNA of NKY274 by PCR using these two primers. Then the fragment was inserted into the region between EcoRI and XhoI sites of the constitutive expression vector pKT10 of yeast (Tanaka et al., 1990 ) to obtain a plasmid pKT10-FLAG-His 6 -Rad50. DNA sequencing revealed that all PCR fragments had no additional mutation. Genetic analyses showed that fusion genes had full functions in vivo.
DSB Detection and Return-to-Growth Experiment
Detection of meiotic DSBs in the HIS4-LEU2 region and the returnto-growth experiment were performed essentially as described (Cao et al., 1990; Shinohara et al., 1992).
Preparation of Antibodies
Anti-Mre11 guinea pig (GP) serum, and anti-Xrs2 rabbit and antiXrs2 GP sera were prepared by Akagi Trading Co. (Kobe, Japan). Anti-Xrs2 rabbit IgG was affinity purified using Hi-Trap affinity column (Pharmacia Biotech). Anti-Rad50 polyclonal rabbit serum (Raymond and Kleckner, 1993) was obtained from N. Kleckner. by immunofluorescence microscopy and image processing were carried out as described (Terasawa et al., 1995). arg4-nsp), HTY691 (HTY463 but mre11-58), HTY525 (wild-type dipImmunoprecipitation loid having the HIS4-LEU2 locus), HTY603 (HTY525 but rad50S), Yeast cells 1-2 ϫ 10 9 per sample were suspended in 300 l of the HTY703 (HTY525 but mre11-58), and OSY53 (mre11::URA3) in Tsulysis buffer (50 mM Tris-acetate [pH 7.9], 500 mM Na-acetate, 10 bouchi and Ogawa (1998). TAK29 (NKY1002 but rad51::hisG-URA3-mM EDTA, 1% NP-40, 1 mM DTT) containing protease inhibitor hisG), TAK32 (NKY1002 but mer2::hisG-URA3-hisG), HTY481 (HTY463 cocktail (1 mM phenylmethylsulfonyl fluoride [PMSF], 2 g/ml Aprobut xrs2::hisG-URA3-hisG), OSY138 (HTY525 but trp1/trp1 mre11-5/ tinin, 2 g/ml Leupeptin, 50 g/ml TLCK, 100 g/ml TPCK) and mre11-5), TAK224 (OSY138 but mre11-5/MRE11), TAK225 (OSY138 lysed by the glass bead disruption method. After centrifugation at but mre11-5/mre11-58), OSY176 (OSY53 but mre11-5), and OSY254 12,000 ϫ g for 10 min, 7.5 l of anti-Mre11 GP serum or 10 l of (OSY53 but mre11-6::hisG-URA3-hisG TRP1) were constructed in anti-Xrs2 GP serum preincubated with 15 l of 10% (w/v) protein A this study. Yeast media were described in Shinohara et al. (1992) .
Nucleoid Spreading and Immunostaining
Sepharose ( 
